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ABSTRACT

Significant advances have been made in both the performance and understanding
of liquid lasers. High average powers in excess of 400 watts at 5 pps have been obtained
during the course of the work. Some sealing laws in terms of the relationship between
aetive volume and power loading have emerged. Finally, o iarge body of information
relating stcady-state laser performance to imposed thermal gradients has teen obtained,
and a method has been devised for reducing the data so that the information it eontains

is readily displayed.

In addition, a hydrodynamic model for the liquid in turbulent flow under various
temperature differentials has been obtained. This model provides detailed information
on the radial thermal gradient. Under the speeial condition of extrapolation to zero
power input, the model can be related to the experiment and signifieant information on
the nature and the effect of the thermal gradient on laser performance. The picture that
emerges from this is then qualitatively extended to the case of high average power

loading.

The information on the thermal gradient is applied to provid~ a treatment of
the optical behavior of the flowing liquid. From this an estimate of the distortion of a
propagated wave is made, and it is shown that, in a single pass, the path length ehange

across the effective aperture of the laser is about one wavelength.
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SUMMARY

The principal emphasis of the work performed during the present reporting

period was:
1) To devclop a uscful hydrodynamic model for the laser liquid in turbulent flow,

2) To check out the overall performance of the new design feature and new

components.
3) To determine the lascr performance characteristics of the new system.

We have had considerable success in applying hydrodynamic considerations to
the flow problem. The approach used was to adapt a treatment previously used Ly
Martinelli for the flow of molten salts in pipcs. As shown in Section 2, this can be done,
and the rcsults are applicable to the case where there is 2 temperature differential be-
tween the circulating liquid and the ouvter pipe wall, and there is no heat source in the
flowing liquid. The hasic information obtained from this model is the radial temperature

gradient.

In Section 3, the radial temperature gradient is specifically obtained for the case
of the laser liquid. It is then used to describe the optical properties of the luser liquia.
It is shown that a ray, propagating off the centerline of the cylindrical cell, will be de-
viated. This deviation increases with increasing temperature gradient, that is, with
increasing distance from the cylinder axis. There arc two consequences of this: first,
the magnitude of the deviation will ultimately vignette the effective laser aperture; and
second, there will be a change in path length for the single pass propagation of a wave
as in an amplifier application. In the latter case, given the gradient and effective

apcrture, the path length change can be calculated.

Section 4 presents a description of the laser system from the point of view of
design and construction. Here we present detailed information on cell design, circula-
ting pump characteristics, the power supply, the cooling system and the pulse forming

networks.

The actual experimental results are given in Section 5. These deal with the
relation between output energy and input energy and the system parameters: flow speed
or Reynolds number, and the controlled tempcrature differential between the laser
liquid and the external water coolant of the cell. The parameter used to characterize

the output is E/E0 where E is the pulse output energy of the repetitive train of pulses




after the steady state has developed and E0 is the single-shot pulse output energy with

a zerc temperature differential. The independent variable in the experiment is the
average power input. The extrapolated value of E/EO at zero power input decreases
with increasing £/ T. In general, EZ/EI0 passes through a maximum when plotted as a
function of averoge power input. The average input power at which the maximum occurs

increases with increasing Reynolds number and temperature differential.

We have been able to use the zero input power information to establish the
quantitative validity of the hydrodynamic model and relate the model to experiment. On
the basis of the applicability of the model we discuss a gualitative extension to those

cases wiere power is put into the laser.

The dynamic loss of the laser material has been determined and is between
0.2 and 0. 67 per cm depending on the method of measurement used. From the loss and
threshold data the small signal gain is approximately 20 dB per pass at 4000 J input,

and this appears to be adequate for the amplifier work.

The future plans reiated to the amplifier and beam distortion measurements

are briefly discussed in Section 6.




1. INTRODUCTION

The objectives of the High Energy Pulsed Liquid Laser project are related to

long pulse oscillator performance and short pulse, high-brightness operation. The

latter objective is, at this point, more significant and the operational goal is an output

Letween 25 and 50 watts average power at a repetiticn rate of 5 pulses per second.
The output beam will consist of Q-switched pulses ‘ ¢ about 50 ns duration, and the beam

shall be diffraction limited or as close thereto as possible.

The long pulse work has resulted in performance in excess of 400 watts
average power at 5 pps. This was obtained with a limited and conservative operation
of the power supply and flash lamps and an ultimate performance between 25 and 509
higher is feasible. However, this was not pursued because the information relevant to
the objectives could be obtained at the more restricted power input levels. This lon,
pulse information is important to the understandi.y of the thermal-hydrodynamic statc
of the gain medium during repetitive pulse excitation, as well as defining small-signa)

gain performance of the system.

The main thrusts of the work reported here are twofold. First, tnere is the
development of a hydrodynamic model which leads to an evaluation of the radial thermal
gradient in the circulating liquid. Basically the equations for turbulent flow are solved
for the boundary conditions that the liquid has one bulk temperature and the external
wall of the tube (cell) has another. A consideration of energy and momentum transfer
in the turbulent liquid leads to the expr:ssion for the radial thermal gradient. This is
considered in Sections 2 and 3. In “ection 3, we also consider the optical consequences
of the radial thermal gradient and show that for a single pass the optical distortion, over

a rather large aperture of the active medium, is quite small.

The second part of the work to be discussed concerns the long pulse laser work.
First, in Section 4, the apparatus is described. Then, in Section 5, the detailed experi-
mental work is presented. This covers the long pulse laser output under different con-
ditions of flow, power input and temperature differential. Part of these results can be
correlated with the model set up earlier and tend to confirm the results of the calcula-
tion. The overall output behavior is then qualitatively described by an extension of the

model.

Finally, in Section 6, we briefly outline the next phase of the work.




2. HYDRODYNAMIC ANALYSIS OF THE LASER LIQUID

’ In a liquid laser, in which the active med‘um is transported through a tubular
cell, there is both a radial velocity and temperature gradient. When the temreratures
of the circulating liquid and the enviionment external to the cell are the same, the
radial thermal gradient vanishes. However, on optical excitation of the laser, either
pulsed or cv’, the iscthermal character is destroyed and a radial thermal gradient will
] arise. If the laser cavity is optimally adjusted for isothermal performance, this thermal
gradient will result in a degraded output. To correct for this, one may opticaily com-

(1)

pensate the laser resonator' ™’ or, as is more commonly done, cool the laser medium.

The cooling and temperature control of the active medium is more readily
accomplished in the case of a liquid. In this section we shall present a model for a
laser cell with a circulating laser liquid and present a hydrodynamic analysis which
ultimately results in an expression for the radial temperature profile across the laser
cell. The solution is limited to the case wher: there is no input power (optical excita-
tion) but with the bulk laser liquid at a temperature different from the laser cell wall.
In a later section the analysis of experimental data will enable us to make contact with
the calculation and to provide the basis for a qualitative extension to the cases where

there is substantial powe:- input.

The Hydrodynamic Model

The analysis of the thermal characteristics of a liquid laser is based on the
hydrodynamics of the circulating liquid. In detail, we are interested in temperature
distribution of a fluid under turbulent flow through a pipe. The experimental laser cell
to which the analysis is to be applied is illustrated in Figure 1(a). The region to be
considered is the active length L, of inside diameter D, between the interior faces of
the cell windows. A section of the cell is shown in Figure 1(b). The bulk circulating

] laser liquid is maintained at a temperature T, which is assumed to be the tempera-

CL
ture at the centerline of the cell (r = 0) and the cooling water is maintained at a

1 temperature TO'

The hydrodynamic analysis of turbulent flow is very complicated and the results,
in general, are semiempirical in nature. The more manageable results are obtained
‘ for the case of a fully developed flow which is established some distance after the liquid

has entered the pipe. 2) A value of 10D is a rough measure of this distance and L > 10D

' Preceding page blank
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(@) Side View (Without Water Jacket).

CELL COOLANT T0
CELL WALL

LASER LIQUID

(b) Cross Section Showing Water Jacket.

Figure 1. Schematic Drawings of a Water-Jacketed Laser Cell.
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is not satisfied in some of the experimental cas:s to be discussed. However, the
plenum chamber of the laser cell has a tapered entry into the cell pipe, and this assists
the rapid establishment of a fully developed flow. We assume for simplicity that in all

cases there is fully developed flow throughout the active region of the laser cell.

For fully developed flow, the average velocity in the axial (z) direction at any
radius r is independent of time, distance down the tube (z) and angular position in the
tube. In addition, the mean radial velocity, v(r) is zero but there are nonzero fluctua-
tions of velocity, Vs amd vV, in the radial and axial directions, respectively. Hence,
the mean flow in tie axial direction, u(z), is one dimensional but the turbulent fluctua-

tions at any point are two dimensional.

For such a system, since the liquid is incompressible, the pertinent equations
are the Navier-Stokes equation (with no body forces):

v, v=vp+pv-v;+$ (1)

anc the equation of continuity:
pv.v = 0 (2)

where p is the dynamic viscosity, p the pressure and p the density. In addition, there
is the energy balance equation:
2 T
- . + =
kv~ T ,:)Cp (v-VT) Y (3)
where T is the temperature, Cp the heat capacity, and k the thermal conductivity. The
conditions of turbulent flow are introduced into the problem by Eq. (4) which states that
the instantaneous value of quantity in a turbulent flow field is given by the mean value

(the barred quantity) and a fluctuating part (the primed quantity):

V=V v
=T+T' (4)
p=p+p’

Equations (1) and (3) undergo considerable simplification when the conditions

of steady state and fully developed flow are imposed. For flow in a pipe we then have




that v and T are functions of r only and the time derivatives are zero. Then, putting
Eq. (4) into Egs. (1) and (3) and using the continuity equation, [Eq. )] , and the fact that
the time averages of the primed quantities are zero, we obtain the time averaged
equations:

1ap 13 [ a_v]=
paz+r5rr[vrvz Var 0 (5)
and

T .13 [or_.2T].

S T %rr[vrT aar] 0 (6)

where the unprimed quantities are the mean values[(the barred quantities in Eq. (4)]

and v =% and ang . In Eq. (5), the first term represents the pressure forces, the

second represents the forces arising from turbulent fluctuations, and the iast represents

viscous shear forces. In Eq. (6), the first term represents heat transport by convection,
the second, heat transfer due to turbulent fluctuations, and the last represents heat

transfer by molecular conduction.

The quantities i:volved in the radial derivatives of Egs. (5) and (6) are apparent
fluxes of momentum and heat. The first component in each case is a quantity arising
from tli2 turbulent nature of the flow while the second component is identical to that

found in laminar flow alone. Using Prandtl's concept of eddy diffusivity, we can define:

-(v—’F) =€ g_;r (7)

and

(T e, 3F

so that Egs. (5) and (6) become:

13p _13 v
p 3z r or [r(€m+ V) Ar]




The simultaneous solution of Eqgs. (8) and (9) will provide the temperature distribution

in the flowing liquid. Integrating (8), we have:

d dvl_rdp
dr [r(em ¥ v)dr] p dz

=
At the wall €m = 0 and -59 = -y %I where To is the shear stress of the fluid acting
on the tube wall, Then, o
d | .To|__rdp
*ar [r‘?:|— P dz

or

2T Tafll
dv_ft.dp g 210 =__0(_2)
r(fmﬂl) dr ,/; dz dg PT, . p r,
dv Tof r
- (e ) = =)
0
or,
(emty)& = 22 (1-% (10)
m dy p ro
where y = ry- T
Similarly, a consideration of the heat flow Eq. (9) leads to the equation:
(o/2
0 ffq -\ & - 4T (11
PCp (1 ‘"o)— (@* ) ay )

where (q/A)O is the heat flux from the wall into the fluid.




Equations (10) and (11) are formally similar in the variables v and T. Dividing

(11) by (10) leads to a differential equation for STT in terms of g—;—, other material and
o+ ¢

system constants and the ratio Y These equations may be integrated by assuming

an explicit form for the flow velocity field v(y). For this purpose, a modified form of

the "universal velocity distribution' due to Von Kdrménw) is used as defined below:

+ 4+ "
v =y 0<y <5
vi= 5.0Lny+- 3.05 5<y+s30
y+
+
v+=5.5+2.5£ny 305y+570
+
y + \2 +
vi=6.75+2.5n20 _5[1_¥_ Yo+ 4
2 + Tsy SyO
Yo
where
" v
v =
T,/0

,.
+
I
™
-
—
i
.
‘bﬁ
=]

The four regions of application of this function have historically been defined as, res-
pectively, the laminar sublayer (near the wall), the buffer or transition sublayer, the
turhulent sublayer and the core. In the latter two regions, €h>>a and em>>u. and

the ratio rh/em is designated as E. Experimental values of E range from 0.9to 1.7 and

in the absence of detailed information, a value of E = 1 is generally assumed. In the

laminar sublayer, flow is governed by viscous forces and ¢ and v dominate to the

degree where we can neglect €, and €m In the buffer sublayer, all four quantities,
6, &, € , and v, must be reiained.
h m !

e




The actual integration of first (10) and then (11) for each of the four regions

will not be shown here for brevity. The interested reader is referred to the original
paper by R. Martinelli(4) for the details in the first three regions. By extension of

these calculations, the calculation of the core distributions is straightforward. The T

result of these calculations is, therefore, an explicit expression for the radial tempera-

ture distribution for a liquid flowiug through a pipe with centerline temperature T

T(r)

TeL

Tep

-T
w

CL
and wall temperature TW. The following equations display this distribution:
Pr.(v/y,)
=0 -Sy—— O<y=r,-rsy, (12)
Pr+ Ln[u pr(l-l)]
Y1
= 1- D Y1SY<Y,
Pr+4in (1+ 5Pr) + 0.54n R_eJE. -
30 ¥8 rO ro
=E- D T Temd g
Pr+4n(l+ 5Pr)+0.54 &*Jﬁ_ AL
DT T RO GoNEB | T ro) r
= 1- ) S SysT,

where

Pr = Prandtl number =5 (10 for the laser liquid used)

v - 10 rO
L (0.198) Re"/8

y2 = Gyl

]

Vmax (2 1.0)
Re = Reynolds number of flow = m_u_

Pr +in(1+5 Pr) + o.stn[g—gé] +0.25

=
i

11




Equations (12) to (15) and the subsequent definitions, obtained from the

Martinelli analysis, allow the calculation of the temperature distribution of the flowing
laser liquid in the cell as a function of the radius. These results apply to the case
when there is a constant temperature difference between the center line (Tc L) and
inner wall ('I‘w) temperature. The results are not applicable to the case where the

centerline temperature is varying due to the addition of h2at from an external source
(flash lamps).

12




3. APPLICATION OF THE HYDRODYNAMIC SOLUTION TO THE LIQUID LASER

The solution to the hydrodynamic problem for the temperature Cistribution of
a liquid flowing in a pipe is given by Ecs, (12) to (15), in which the solution is expressed
in terms of the ccnterline temperature and the inner wall temperature., A typical example
of what such a distribution might look like is shown in Figure 2. The centerline tempera-
ture is reasonably well-approximated by the bulk temperature of the flowing liquid; the
inner wall temperatare is more difficult to determine. Referring to Figures 1(b) and 2,

it is seen that, in addition to the bulk laser liquid temperature, the only other temperature

that is readily measured and known is that of the external cell coolant, e The first

problem, then, is to estimate Tw in terms of T T, and the flow characteristics. The

CL' 0
knowledge of Tw enables us to apply Eqs. (12) to (15) and obtain the temperature distri-
bution, The next task is to convert the temperature distribution to the index of refraction

gradient and relate it to the optical behavior of the laser,

3.1 THE INNER WALL TEMPERATURE, Tw

If there is no external heat source, the radial flow of heat is determined by the

temperature difference TCL - T0 and the volume flow rate through the cell, At the

boundary between the liquid and the cell (inner cell wall) there will exist a temperature
which, in the steady state, is determined by thc heat arriving at the cell wall by forced

convection from the liquid and the conductive heat flow through the cell wall.

For the latter we can write:

dQ dT
T oK A

w dx

the heat flow per unit time
the thermal conductivity of the pyrex cell wall
the surface area

the temperature gradient in the wall at the interface,




0

) o 0¥ =4d ‘IT="a1 ‘0009
= 9y ‘98BI SIYj U] °"umoys aae “J, - 1 = Ly Jo sonjea om 1

118D a9se7 pmbIT oy} ul sajijoad aanjeaaduwa], [eipey [eo1dL], ‘gz aanSig

iw2) sniavy
90 s'0 F'O £'0 z'0 Lo

§ . i
* T T

-~ n
-
3
=]
L]
=]
(.Y
o
+
-+
<4
-+

i

1Y M

*
1
_

Ll

— ol

" BIAVIENS
LEEETE ]

1
|
\
\
\
\

\
\

\
\

|
|
I
|
|
|
|
|
i 3403 INIINEANL
|

|

|

il s e il s s it .




r +t
The flat plate approximation used here is valid sinee e X 1.4, (%) where t is the cell
wall thiekness, This ean be rewritten as: 0
T -T
49 w_0 .
Adt Kw t a7)

The heat transfer under forced convection from the laser liquid to the cell wall ean be

(6)

approximated by the calculation' '’ of the Nusseult number, Nu:

hr
Nu - —2 = 0,027 (Re)”" & (Pr)t/® (18)

=

where the surface hea! transfer coeffieicnt, h, is defined as:

dQ/dt dQydt

h - =
A(ICL- Tw) 2m rOL(TCL- T;)

(19)

and KL is the thermal conductivity of the laser liquid. Combining (18) and (19) and
using Pr - 10 for the laser liquid, we obtain:

™ . -T
CL w) 20)

daQ _
Adt Hiquia = KL 3( A

2I 0.8

w.aere B=5.82 x10 7 Re . In the steady statc the rate at which heat arrives at the

wall [Eq. (20)] equals the rate at whieh it is transmitted through the wall [Eq. (17)].
Henee, equating (17) and (20), Tw is found to be:

BK /1, )

7 (21)
L/ rO + Kw/t

Tw=To (Ten~ To) Q?K
As an cxample, eonsider a set of experimental conditions described by Re = 9900 and
Pr - 10 in a eell of I, l.1lemand t - 0.14 em The physieal constants for a pyrex
glass wall and the laser liquid Nd+3:2 rC 14:POC13 are given in Table 1. For the case
TCL_ TO - 10°C, we find Tv'- TO 7.7°C; the bulk of the temperature drop ceeurs

aeross the eell wall. With this value of Tw' one can obtain the solutions for

TCL— T

T ., -T
w

CL




TABLE 1

PHYSICAL CONSTANTS OF LASER LIQUID AND LASER CELL

3 -1 -1 -1
Thermal conductivity of pyrex (prrex): 2.7 x10%cal*cm ~ +s "+ °C
Density of laser liquid (pL): 1.8g- cm_3
Index of refraction of liquid
(A=1.06u, T-20°C) ng: 1.4783
. . dn -4, ..-1
Change of index with temperature I -4.5 x 10 C
-1 -1
Specific heat of liquid (Cp): 0.320 cal egm =~ +°C
Prandtl Number of laser liquid (Pr): 10
Dynamic viscosity (u): 5 centipoisc - 5 x 1072 gm o sl . em™
Thermal conductivity of liquid
C u - o Al
(K. : =—P—); 1.6 x10 2 cale em™ g7, o1
liquid Pr
. («]
TCL— TO' 10°C
. [o]
TCL_ Tw' 2.3°C

as given by Egs. (12) to (15). For the conditions specified in the above example, this

function:

Ty~ T N T -T
Ter, - Ty Ty~ Ten

is plotted against the radius r in Figure 3. The radii r, and r shown on the graph are
the respective boundarics of the buffer sublayer and laminar sublayers. Also drawn to
scale on this figure is the actual laser cell wall thickness t. It is important to note that
of the total 2. 3°C temperature change between the centerline and the wall less than 77

(0.16°C) occurs up to r - 1.0 cm (the onset of the buffer layer). Most of the temperature

drop occurs in the buffer and laminar layers.

Let us now consider the temperature gradient n'(r), Eq. (22):

dn dndT (22)

16
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is readily integrated to give: !

39
dn dT dn

n(r) - n(0) = 37 Sodr=2 (Tr— Loy 23)
if we assume g—l,}, is constant. Limiting ourselves to the turbulent layer and core and :
using Eqgs. (14) and (15), it is then readily shown that: i

Pr+ 4n [1+5 Pr] + 0.5 4n I,‘—e,/—f 1-—
B 30 v 8 r, "
n(0) - n(r) = 55 (TCL— Tw) 1- 5 (24)

L
r
forrzerT
Pr+ 4n [L+5Pr]+0 5znﬁ\/f+ 0.25 (= 1
. 6oVs | T

n(0) - n(r) - gﬂT (T | (25

cL” Tw)lt - D

"o
for 5 ST < Ty
where D is the same quantity defined in Eqs. (12) to (15). By straightforward

differcutiation,

,»_dn_(-dn 1 045 "o
ni(r) = ¢ _(dT)(TCL' Tw) T, % D(l—r/ro) rySrs— (26)

2 r
— — < 27
r0><Dr0 AR ) 27)

n'(r) =(%) (Tew~ Tw)

Equation (24) describes the radial variation of the refractive index as a function
of the material and flow characteristics and the imposed temperature differential,
TCL_ TO' since Tw- T0
and (27) express directly the radial refractive index gradient. Equations (26) and (27)

can be calculated according to Eq. (21). Further, Eqs. (26)

will be applied in the next section to obtain the optical properties of the laser medium.




OPTICAL CHARACTERISTICS OF THE LASER MEDIUM

For condensed phase lasers. thcrmo-optical cffects arisc from the optical
excitation encrgy degraded as heat. In an Nd+3 based laser whose principal absorption
bands are at 5800 A and with a laser emission at 1. 06, about 45% of the absorbed pump
encrgy is dissipated as heat. For solid siate devices there are, in addition. stress-
optic effects which complicate the problem. These do not exist in a fluid medium which

is subject only to thermo-optical effects.

Thermo-optical effects are of two sorts. The first occurs during the excitation
pulse and ariscs from nonuniform absorption of pump power. This occurs very rapidly
in a time of the order of microseconds and the distortion introduced by this process is
prcsent for each pulsc in a train. The bulk of the excited liquid and the associated heat
are swept away after the pulse, Howcver. therc is a residue in thc laminar and buffer
layers which is not exchanged as rapidly as the turbulent core and this gives rise to the
sccond effect. The second effect then occurs on the repctitive application of pulsed
energy and is a function of average power. The thermal residues of successive pulses
accumulatc until the temperature gradient and resulting hcat conduction are large enough
to balance the increment from each pulsc. The radial temperature gradicnt gives rise
to a radial refractive index gradient that distorts the beam in the amplifying medium and

results in a marked reduction of output,

In this scction we will be concerned with a particular case of the second effect.
We will set up a radial thermal gradient througr control of TO and TCL‘ (TCL > TO)
the external ccll coolant and the bulk temperature of the liquid laser material., As has
been shown in the previous section, under these conditions the radial thermal gradient
can be evaluated and given this thermal gradient. the refractive index gradient and its
effect on the propagated wave will be evi'luated. The actual application to laser experi-

ments will be considercd later.

A light ray entering normally at the centerline of the laser cell will propagate
undeviated. Rays entering normally at valucs of r #0 will deviate from the normal.
In fact, sincc dn/dT and dT/dr have the same sign, the liquid medium will behave as a
diverging leus. This is schematically illustrated in Figure 4. The analysis we will give

based on this figure, is taken from Riedel and Baldwin;7’ & other approaches have been

given by Quelle9 and Winston and Gudmundson.lo
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The optical path length, S, of a ray enteringatz =0, r= I and leaving at

z=L, r= Iy, is given by:

L L
S=f0 n(r)\/l+n’2 dz=f0 G (r,r’,z) dz (28)

where r’ = g—; . Applying Fermat's principle, 6S = 0 leads to the differential equation:
oG _d 3G _,
or dz or’
dgr!r! (l + I',z) _ nr//= (29)

If we let g = r’ and integrate the resulting equation, we find:

1

= 4n C_n(r) 0
2(1+q) ’ ln (39)

where Cl is a constant of integration. This is evaluated by the boundary condition

lp V= r! =
q\rl) r; =0, Then

and

_ 1 _ n(r)
2(1+q2) o n(rl)el/2 o3

Equation (31) can now be brought into the form:

/ 1 1/2
+ —_— ] dr=fdz=z+C (32)
2 4n 20 2

n(rl

In the turbulent core, where %rg is slewly varying, we express n(r) as follows:

n(r) = n, + 3—? (T(r) - TCL)




' 1

ard using Egs. (24) and (25),

0.5(T..-T R i
R S MO B

0 1
E
0
r,sr, r) S
2
T..-T r 2
| an)(Zen” W)\ g
n(r) = n(rl) +(dT)< ) ) (r ) '(r ) (35)
0 0
r
0
Z<r.r sr

Both expressions may be written in the form:

n(r) CO

n(rl) =L n(rl) F(r'rl)

where
T..-T
_[dn CL w)_ 49
lco"(ﬂ)( D )10
r 2
0
) =)

The insertion of either Egs. (34) or (35) into Eq. (32) leads to an equation that is not
readily integrable,

Over the turbulent iayer and core, l?—(:l is a slowly varying function, and

can be expanded in a Taylor series: ( 1)

0 p
'(r ) n”(r
:((:l)) sl n(rj (r - r1) ¥ Zn(rl

+(r-rl)2+.... (36)

22




-a r-r)

If we limit ourselves to only the first terms, the expansion of e with
'
n'(r
a=— rl) has the same form as Eq. (36). The justification for using this approximation
1

lies in the value of n’ (rl) . In general, over the turbulent layer and core, as we have

seen, the radial change in temperatulre is small (0. 16°C for TCL_ T0 = 10°C). Further-
n’ (r

more, dn/dT is very ,mall, hence —T 1 is very small, Again, over the turbulent layer

1

and core the curvature of T as a function of r is small and n”(r ) is also small,

1
Irom Eqgs. (26) and (27) we find, using the first order approximation n(rl) ~n,:

_n'fr & 0.5
S ey LGl

in the turbulent layer and

) E)

in the core,

-afr-r
Substituting,rﬁn(?rl ~e ( 1) into Eq. (32) and integrating, we find:
1

z+Cy = zi :‘/Ezqr_—_—r) [1 - Za(r - rl)]1/2 + sin—l[Za (r - rl)]l/z % (39)

C2 is determined from the boundary condition that at z = 0, r = I this leads to C2 =
Then, using the fact that a << 1, neglecting Za(r - rl) with respect to 1 and expanding
the arcsine function, we obtain:

a2s2 - Za(r - rl)

n(r
_a 2 %1)2
r-rl—zz—l/znrl)z (40)

or
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This says that a ray entering the laser cell normally but off the eylinder axis follows a l
parabolic path and, since n’(r) ehanges faster than n(r). the curvature of the ray is

greater the further it is removed from the eenterline,

3.3 BEAM PROPAGATION IN THE TURBULENT LASER MEDIUM

The parabolic relationship derived in the previous seetion for the ray path has

two important eonsequenees. First, a ray entering the medium at (z = 0, r #0) leaves

the medium (z = L) at some angle > 0 with respect to the z axis. Secondly, due to the
curvature of the ray path there is a phase variation aeross the beam in a plane normal

to the propagation direetion after a traversal of the medium, In this section we consider

these two factors in more detail.

From the laser cell schematie of Figure 5, the definitions of the quantities

shown therein and Snell's law. we can write for the emerging ray:

n(rz) sin y (rz) = sin @ (rz) (41)

Atr,,

g—;= tan y (rz)

From Eq. (40), we find:

!
dry . uEZL = tan y (rz)

a?rz n(rl)

and then:

sin o(ry) - n(r,) sin [tan-l nn, ((rzl)) L]

For the system involved n’ (rl) <« L and n(rl) , SO: ]

tan vy (rz) = sin y (rz) =y (rz)

|
i
: )
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However, since n(rz) = n(rl) and n'(r

l)L << 1, then o(rz) = n’(rl)L. The refractive
index gradicnt n’(r) increases with r so that w(rz) increases with increasing T At
some value of r =r. the emergence angle go(rz) will be large enough so that in a plane
parallcl resonator, or onc with large radius of curvature mirrors . the emerging ray
will "walk off"' or havc a very high loss. From this picture, the laser is then self-
apcrtured at this value of r.. in general smaller than the turbulent core. The extent of
the self-aperturing will depend on the index of refraction gradient and hence on flow

conditions and AT = TCL- TO.

With the development of the ray path in the medium, the change in phasc along
the beam profile can bc obtained. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>